Abstract This study reports the identification of ionising radiation tolerant bacteria from a high elevation arid region of central Tibet. Nineteen isolates were isolated from soil exposed to ionising radiation at doses from 0 to 15 kGy. Isolates were phylogenetically characterised using 16S rRNA gene sequences. Most isolates comprised taxa from the Actinobacteria, Cyanobacteria, Firmicutes and proteobacteria and these survived doses up to 5 kGy. The Firmicutes and Deinococci also survived doses up to 10 kGy, and the highest dose of 15 kGy was survived only by the Deinococci. No altitude-related pattern was discernible within the range 4638-5240 m, instead culturable bacterial estimates for irradiated soil were strongly influenced by the abundance of Deinococci. We conclude that the relatively high UV exposure in Tibet has contributed to the high diversity of radiation tolerant soil bacteria. In addition, the strong association between desiccation-tolerance and radiation tolerance pathways suggests the arid environment may also have selected in favour of radiation tolerant taxa.
The cellular mechanism for desiccation tolerance [1] in microorganisms also confers radiation tolerance [2] . Several studies have shown that arid environments support radiation-tolerant bacteria and some are able to withstand relatively high doses of ionising radiation [3] [4] [5] . We hypothesized that high elevation arid region of central Tibet may have selected for microorganisms with tolerance to ionising radiation [6] [7] [8] . Here we report the isolation and phylogenetic identification of ionising radiation tolerant bacteria from Tibetan soils.
Surface . A control sample of sub-tropical soil from Hong Kong (approx. 200 m altitude) was used as a control and yielded no viable bacteria after all radiation treatments. Soils were irradiated in glass vials using a 60 Co source at the following doses: 0, 2.7, 5, 5.0. 10.0 15.0 kGy (Isotron plc, Swindon, UK). After irradiation soils were serially diluted and incubated on nutrient agar (Oxoid, Hampshire, UK) at 20°C. The number of colony forming units (CFU) per gram of soil was determined after 5 days of incubation. Colonies representative of each morphology observed were then characterised by phylogenetic analysis of the 16S rRNA gene. Extraction of DNA and PCR amplification using primers 8F (AGA GTT TGA TCC TGG CTC AG) and 1391R (GAC GGG CGG TGT GTR CA) was conducted as previously described [9] . Sequencing was conducted using the BigDye Terminator Cycle Sequencing kit (Applied Biosystems, California, USA) and performed on an Applied Biosystems 3730 Genetic Analyzer. Sequences were edited using BioEdit (http://www.mbio.ncsu.edu/ BioEdit/bioedit.html) and then aligned using Clustal W (http://www.genome.jp/tools/clustalw/). Approximate phylogentic affiliations were then determined by BLAST searches of the NCBI GenBank database (http://www.ncbi. nim.nic.gov).
Phylogenetic analysis were conducted using PAUP* 4.0b8 [10] . Model sequence of evolution that best fit the data by hierarchical likelihood ratio test (hLRTs) was first generated using MODELTEST v.3.06 program [11] . Based on this model, maximum likelihood trees were generated with a starting tree obtained by stepwise addition, sequence addition taken as-is and tree bisection-reconnection (TBR) branch swapping. Gaps were treated as missing data. Nonparametric bootstrap support [12, 13] was calculated for each internal node with a simple stepwise sequence addition, TBR branch swapping and 1000 replicates. Bayseian posterior probablities were also calculated. Phylogenetic trees were drawn using TREEVIEW [14] . Sequences were deposited in the NCBI GenBank database under accession numbers (HQ144151-HQ144169).
The total cultivable bacterial cell count for non-irradiated soils ranged from 1.2 9 10 8 to 2.32 9 10 9 CFU/g. A dose-response curve for irradiated soil samples revealed that viability decreased with increasing ionising radiation dose ( Fig. 1) . At a dose of 15 kGy samples from 4638, 5240 and 5520 m were effectively sterilised, but soil from 4810 m maintained a recoverable population of CFU/g at 7.21 9 10 4 . We explain this in terms of the relatively high abundance of isolates from the known radiation-tolerant genus Deinococcus [1] recovered from this location. A total of 19 ionizing radiation tolerant isolates were cultivated from soil samples. Phylogenetic analysis revealed that isolates were from five bacterial phyla, comprising Actinobacteria, Cyanobacteria, Deinococcus-Thermus, Firmicutes, Proteobacteria.
Four Actinobacteria taxa were isolated from 4638, 5240 and 5520 m soil samples that was exposed to 5 kGy of gamma radiation. The 16S rRNA gene analysis showed that they were closely affiliated to Arthrobacter/ Rubrobacter and Micrococcus sp (Fig. 2a) . The Actinobacteria are a high GC, gram-positive phylum found as a major component in desert soils [15] and Rubrobacter species are known to be radiotolerant [16] .
Two oscillatorian cyanobacteria were recovered from 5240 m samples exposed to 5 kGy of radiation (Fig. 2b) . The molecular phylogeny for cyanobacteria is highly ambiguous although these taxa affiliated most closely with a Leptolyngbya taxon. This cyanobacterium has been implicated in forming extracellular polymeric substances which would help bind soil together and help in forming desert biotic soil crust [17] . The ability to produce this polymer has been linked directly to desiccation tolerance in cyanobacteria [18] . Cyanobacteria dominate soil biota in the most extreme desert habitats [15] . Cyanobacteria can tolerate desiccation as well as high doses of ionizing radiation [4] . Cyanobacteria also have been studied extensively for the ability to tolerate UV radiation [19] .
The isolates surviving the highest dose (15 kGy) of ionising radiation were all phylogenetically affiliated with the genus Deinococcus within the Deinococcus/Thermus group (Fig. 2c) . This genus comprises several species with extremely high tolerance to UV radiation and ionising radiation due to a highly effective cellular repair mechanism [1] . At least 29 species are recognized [5] and the genus has been encountered in several other arid environments [7, 9, 20, 21] , as well as other extreme Tibetan environments such as geothermal pools [22] [23] [24] .
Three Firmicutes taxa were isolated from 4638 to 4810 m (Fig. 2d) . Sample R-09 and R-11 were closely affiliated with Planomicrobium/Planococcus sp. Sample R-24 is closely affiliated with Bacillus sp. Bacilli form resistant endospores and occur in extreme arid environments [3] . In this study, Planococcus and Planomicrobium taxa survived doses up to 10 kGy. Planococcus was first described as radiation tolerant in 2005 [5] , whereas Planomicrobium has not previously been reported as radiation tolerant.
Isolates from 5240 m were identified as belonging to the alpha-and gamma-sub-phyla of proteobacteria after being exposed to 5 kGy of gamma radiation (Fig. 2e) . Previous study has indicated proteobacteria may be a highly abundant group in extreme desert environments [25] . Here we encountered several radio-tolerant taxa including Methylobacterium and Chelatococcus [5] . A single Sphingomonas-like alpha proteobacterium encountered in this study. The family Sphingomonadaceae was reportedly resistant to high doses of radiation of up to 15 kGy [5] . The Gammaproteobacteria clone was closely affiliated with Pseudomonas-like taxa from high altitude soil [26] .
Pseudomonas was previously identified as very susceptible to low-intensity ionizing radiation [27] .
Overall this study has identified high altitude arid soils support diverse radio-tolerant bacteria from five phyla. In view of the enhanced UV exposure at high altitude Tibetan locations [6, 7, 23, 24] and the strong association between Fig. 2 Phylogenetic identity of radiation tolerant bacteria isolated from high altitude soils in Tibet. Trees were created after Maximum Likelihood analysis of near-full length 16S rRNA gene sequences. Partial trees are shown but bootstrap (first number) and Bayesian posterior probabilities (second number) were generated from the full tree. Scale bars represent nucleotide change per position. a Actinobacteria, b Cyanobacteria, c Deinococci, d Firmicutes, e Proteobacteria desiccation-tolerance pathways and radiation tolerance [1] it is likely that the relatively high UV environment at high altitude combined with the periodic desiccation imposed by the arid environment have selected for this trait. Since other Indian environments have also yielded radiation-tolerant bacteria [28, 29] we speculate that this continent may prove to be a biodiversity hotspot for radiation-tolerant taxa.
